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co-workers demonstrate that a peptide, corresponding to C
helix of bacteriorhodopsin, called the pH low insertion pep-
tide (pHLIP), is capable of targeting acidic tissues and
inserting into cell membranes (Andreev et al. (1) and refer-
ences therein). This makes it an important tool for targeting
many diseased tissues that create acidic environment (e.g.,
cancer, inflammation, and ischemia). Dye-labeled pHLIP
is able to image mouse tumors in vivo with high specificity
(2), demonstrating its potential utility in cancer diagnosis.
pHLIP is also capable of selective delivery of cargo mole-
cules (3,4). These properties, combined with low toxicity,
demonstrate its high therapeutic potential.
The remarkable properties of pHLIP are a manifestation
of its peculiar sequence, which consists of stretches of
highly hydrophobic residues interrupted by six titratable
acidic residues:
GGEQNPIYWARYADWLFTTPLLLLD-
LALLVDADEGT:
According to the Wimley-White hydrophobicity scales (5),Editor: Joseph Falke.
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http://dx.doi.org/10.1016/j.bpj.2015.01.002protonation of the glutamates and aspartates of pHLIP re-
sults in a total gain of ~20 kcal/mol (3.2 and 3.5 for each res-
idue D and E, respectively) in favorable free energy of
partitioning from water into octanol. The gain for interfacial
partitioning into the lipid bilayer is smaller, yet significant
~9 kcal/mol (1.3 and 2.0 for protonation of each residue D
and E, respectively). All these estimates indicate that mem-
brane interactions of pHLIP will be strongly pH-dependent.Previous studies had firmly established that in phosphatidyl-
choline bilayers, pHLIP exists in three states as a monomer
(6): unfolded and soluble in water at neutral pH (State I),
unfolded and bound to the surface of a phosphatidylcholine
membrane at neutral pH (State II), and inserted across the
membrane as an a-helix at low pH (State III). While the
role of sequence variation in pH-triggered insertion of
the pHLIP family of peptides has been thoroughly studied
(7,8), much less attention has been paid to the effects of lipid
composition. Here we investigate the role of lipid head-
groups in modulating pHLIP insertion into large unilamellar
vesicles (LUVs).
We use tryptophan fluorescence and circular dichroism
(CD) to reproduce the hallmarks of the three-state insertion
(Fig. 1). Indeed, upon addition of POPC LUV (top panels)
we observe classical three-state behavior (6), with addition
of vesicles at pH 8 causing a blue shift of fluorescence
and a marginal increase in helical content (State II, red
lines), and lowering pH to 4 causing a further spectral shift
and formation of an a-helix (State III, blue line). The fact
that State II is not just a mixture of the other two states
has been firmly established in the literature and is also
evident from pH titration in Fig. 2 A. Much to our surprise,
we did not see the same pattern with any other lipid compo-
sitions we explored, none of which gave any evidence of the
FIGURE 2 Fluorescence spectral maximum changes upon pH
titration of 2 mM pHLIP in the presence of LUVs of various com-
positions (1 mM total lipid). The experimental data were fitted to
Eq. S1 in the Supporting Material (solid lines) and the resulting
fitting parameters are summarized in Table S1. To see this figure
in color, go online.
FIGURE 1 Tryptophan fluorescence (left
panels) and CD spectra (right panels) of
pHLIP in membranes with different lipid
compositions. States I, II, and III corre-
spond to peptide in solution at pH 8, and
in the presence of membranes at pH 8
and 4, respectively. To see this figure in
color, go online.
792 Biophysical Letterspresence of the unfolded membrane-bound state at neutral
pH. As can be seen in examples presented in Fig. 1, addition
of either POPE or POPG eliminates any distinct spectro-
scopic signature of State II in either CD or fluorescence
(i.e., the black and red lines coincide). On the other hand,
acidification led to the expected fluorescence blue shift
and folding into a helical conformation, all indicative of effi-
cient formation of State III (blue lines).
In the case of anionic lipids, the absence of the interfa-
cially bound state at neutral pH can easily be explained by
electrostatic repulsion. State II for cholesterol-, LysoPC-,
and POPE-containing membranes suggests that other fac-
tors, such as bilayer packing, can influence interfacial parti-
tioning of pHLIP.
To examine the effect of lipid composition on titration of
acidic residues in pHLIP, which allows membrane insertion
at low pH, we measured pH-dependent spectral shift of tryp-
tophan fluorescence in various vesicles (Fig. 2). We found
that increasing fractions of various lipid additions into
POPC matrix shifts pKa values toward less acidic pH
(Fig. 2 and Table S1 in the Supporting Material). E.g.,Biophysical Journal 108(4) 791–794changing the POPE fraction from 10 to 50% shifts the
pKa by as much as 0.5 units. Remarkably, the pKa for
pure POPC (i.e., 0% non-PC lipid) does not follow the trend
for any of the tested lipid mixtures, suggesting that the tran-
sition from State II to III (POPC) and that from State I to III
FIGURE 3 Dependence of the free energy of protonation for
pHLIP on the electrostatic surface potential of the POPG-con-
taining bilayer (symbols correspond to the data in Fig. 2 B).
See text and the Supporting Material for details. To see this
figure in color, go online.
Biophysical Letters 793(i.e., all other compositions) follows somewhat different
titration mechanisms. Therefore, it is likely that pHLIP
interaction with a pure PC bilayer constitutes a unique
case, not representative of its interactions with biological
membranes containing multiple lipid species.
The presence of increasing amounts of anionic lipids,
such as phosphatidic acid, POPS, POPG, and cardiolipin
caused a systematic shift in pKa and produced higher coop-
erativity of pH-dependent insertion (i.e., higher n). This
pattern is well illustrated in Fig. 2 B, which contains titration
data for 10, 25, and 75% POPG in a POPC matrix. Increase
in anionic lipid content results in an apparent pKa shift from
5.7, to 6.0, to 6.3 (Table S1). Because a similar pattern is
observed for all types of anionic lipids, we conclude that
the protonation of key titratable residues in pHLIP, which
are responsible for the insertion transition, is modulated
by some common property, most likely the electrostatic
potential on the membrane interface. High cooperativity
of protonation, which manifests itself in the steepness of
the insertion transition, has important implications for tar-
geting membranes (or domains) with different composi-
tions. For example, at pH 6, one can expect that insertion
of pHLIP will change from virtually nonexistent, to signif-
icant, and to complete, for membranes with 10, 25, and 75%
of anionic lipids, respectively.
The concept of ‘‘local pH’’ versus ‘‘bulk pH’’ is often
invoked in the literature for the explanation of the proton-
ation effects near charged interfaces, like those in Fig. 2 B.
We consider these explanations to be invalid from a ther-
modynamic perspective. The reason why protons are
concentrated at the PG-containing membrane interface is
that they are electrostatically bound to the lipid head-
groups. That is, the standard chemical potential of the pro-
tons is lower at the charged membrane interface. But the
chemical potential of the proton is the same in the bulk
solution and at the interface (as required by equilibrium).
Therefore, it is equally difficult (or easy) to remove a pro-
ton from the interface or from bulk water to attach it to the
protein. In other words, the proton concentration (relative
activity) is higher at the interface, but this is exactly
balanced by tighter association with that same interface.
Instead, we suggest that the pKa values of titratable resi-
dues in pHLIP are shifted to higher values by the
increasing surface potential. Notably, while the insertion
transition is between States I (solution state) and III (in-
serted state), its properties are modulated by the properties
of the interface.
The free energy of protonation DG, derived from the pKa
of pHLIP insertion (Eqs. S1 and S2 in the Supporting Mate-
rial), is plotted against corresponding values of electrostatic
surface potential J0 into POPG-containing membranes
(Eq. S3 in the Supporting Material) in Fig. 3 (see also the
Supporting Methods in the Supporting Material). The solid
line corresponds to a linear approximation based on a Gouy-
Chapman electrostatic model that was fixed at 0.023 forthis analysis (see Eqs. S4 and S5 in the Supporting Mate-
rial). The only free fitting parameter corresponds to a free
energy at zero potential, which is found to be 5.9 5
0.2 kcal/mol. This simplified model appears to accurately
represent the data for POPG-containing vesicles.
While the rising dependence of DG versus J0 is
observed for every anionic lipid, their slopes are smaller
than the one predicted by Gouy-Chapman theory (Table
S1). One of the reasons for this is related to the possibility
of the lipids themselves to be titrated in the probed region of
pH. Such titrations are not expected for PG resulting in a
uniform charge across a wide range of pH, and subse-
quently, pH-independent electrostatic potential. Interest-
ingly, insertion of pHLIP into any of the anionic
membranes has higher cooperativity (i.e., larger n) than
into neutral membranes (Table S1). The simplest explana-
tion would be that insertion into a bilayer with a negatively
charged interface requires protonation of more titratable
residues of pHLIP than the insertion in the absence of the
electrostatic repulsion.
The interface-directed insertion hypothesis for non-trans-
locon-assembled membrane proteins assigns a special role
to the interfacial region of the lipid bilayer as a place where
secondary structure is formed, protonation of titratable
groups can be changed, and a complex interplay of electro-
static and hydrophobic interactions occurs (9–11). The
interface is of a particular importance for the pH-triggered
mechanism of membrane protein insertion, which is rele-
vant to cellular entry of bacterial toxins via endosomal path-
ways and to membrane-modulated interactions of Bcl-2
proteins involved in apoptotic regulation. For example, the
kinetics of bilayer insertion of the translocation domain of
diphtheria toxin is strongly accelerated by anionic lipids
(12). Changes in lipid composition are also important for
protonation of titratable residues involved in triggering
membrane insertion of the apoptotic inhibitor Bcl-xL (13).Biophysical Journal 108(4) 791–794
794 Biophysical LettersThus, understanding the nature of lipid modulation of the
insertion of pHLIP is relevant to understanding general
mechanisms of lipid regulation of signaling and conforma-
tional switching on membrane interfaces.SUPPORTING MATERIAL
Supporting Materials and Methods, Supporting Results, and one table
are available at http://www.biophysj.org/biophysj/supplemental/S0006-
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